In response to exogenous rhythms of light and temperature, most organisms exhibit endogenous circadian rhythms (i.e. cycles of behavior and gene expression with a periodicity of approximately 24 h). One of the defining characteristics of the circadian clock is its ability to synchronize (entrain) to an environmental rhythm. Entrainment is arguably the most salient feature of the clock in evolutionary terms. Previous quantitative trait studies of circadian characteristics in Arabidopsis (Arabidopsis thaliana) considered leaf movement under constant (free-running) conditions. This study, however, addressed the important circadian parameter of phase, which reflects the entrained relationship between the clock and the external cycle. Here it is shown that, when exposed to the same photoperiod, Arabidopsis accessions differ dramatically in phase. Variation in the timing of circadian LUCIFERASE expression was used to map loci affecting the entrained phase of the clock in a recombinant population derived from two geographically distant accessions, Landsberg erecta and Cape Verde Islands. Four quantitative trait loci (QTL) were found with major effects on circadian phase. A QTL on chromosome 5 contained SIGNALING IN RED LIGHT REDUCED 1 and PSEUDORESPONSE REGULATOR 3, both genes known to affect the circadian clock. Previously unknown polymorphisms were found in both genes, making them candidates for the effect on phase. Fine mapping of two other QTL highlighted genomic regions not previously identified in any circadian screens, indicating their effects are likely due to genes not hitherto considered part of the circadian system.
Circadian phase is a measure of the temporal relationship between the circadian oscillator and the environmental cycle of night and day. It can be defined as the timing of a point in a circadian rhythm relative to a marker such as dawn or dusk. The circadian clock is synchronized with the external cycle so that a specific point in each output rhythm always occurs at the same time relative to dawn or dusk (Pittendrigh, 1981) . This synchronization is termed entrainment. The significance of entrainment should be easily appreciated by anyone who has suffered from jet lag, the result of sudden desynchronization between the internal clock and the surrounding environment. Many metabolic processes in Arabidopsis (Arabidopsis thaliana) are under circadian control (Harmer et al., 2000) ; the clock coordinates the temporal synchronization of a range of interconnected metabolic pathways with the lightdark (LD) cycle and each other, a further indication of how important entrainment is to this organism. Natural selection is predicted to favor a circadian period close to 24 h because this eases the process of entrainment to the daily solar cycle (Pittendrigh, 1960 (Pittendrigh, , 1981 Dunlap, 1999) . As a result of entrainment, the period length of a rhythm becomes that of the environmental cycle. Therefore, the only properties of the circadian clock expressed in natural conditions are phase and amplitude; these are the phenotypes directly subjected to natural selection. Variation in phase of an entrained circadian rhythm between populations is likely to reflect differences in selection on circadian parameters in their progenitors.
Naturally existing variation in the model plant Arabidopsis was used as the basis for a study of entrained phase. This plant has a very wide geographical range across Eurasia but has been introduced to other continents and occupies a variety of habitats; natural variation between accessions is extensive and usually multigenic (Koornneef et al., 2004) . Significant variation in the free-running period length has been observed previously between Arabidopsis accessions (e.g. Swarup et al., 1999; Michael et al., 2003; Edwards et al., 2005) . These earlier experiments considered only free-running systems in continuous light. In contrast, here we consider whether Arabidopsis populations differ in the parameters of their circadian rhythms when entrained, an experimental approach that better reflects the conditions under which the circadian system evolved and usually functions.
The advantages of working with a model organism such as Arabidopsis include the availability of controlled sources of natural variation, such as accessions obtained by single-seed descent and recombinant inbred lines (RILs). RILs are immortal recombinant populations derived from an initial cross between two accessions, each individual line being a homozygous mosaic of the original parental genotypes. This allows many phenotypes to be compared to a single genetic map. Thus, naturally occurring differences between wild-type populations can be associated with specific genomic regions. Naturally existing variation between two geographically distant accessions, Landsberg erecta (Ler) and Cape Verde Islands (Cvi), was used to determine loci controlling circadian phase in these populations. As circadian phase varied continuously between the different genotypes of a Ler 3 Cvi RIL population, we could analyze it as a quantitative trait. Using the combination of phenotypic and genotypic data, we were able to identify, and then dissect by fine mapping, quantitative trait loci (QTL) controlling circadian phase. This indicated loci that were responsible for advancing or delaying the clock.
There is a positive correlation between period and phase in circadian mutants such as zeitlupe (ztl) and timing of cab 1 (toc1), where the endogenous period is very long or short and the phase of a rhythm is delayed or advanced, respectively, during entrainment Strayer et al., 2000) . Michael et al. (2003) showed no correlation in period and phase in accessions and a negative correlation in RILs. Therefore, in wild-type plants, the relationship of period and phase is ambiguous. By measuring natural variation between populations, QTL affecting circadian phase were identified without requiring mutants, which may alter the working of the clock very dramatically. In addition, factors other than period that affect phase could be investigated.
The power of our analysis was increased by the use of a well-characterized hand of the circadian clock, the rhythm of bioluminescence from a modified firefly LUCIFERASE (LUC) gene coupled to the CAB2 promoter of Arabidopsis (described in Millar et al., 1992 Millar et al., , 1995 to obtain highly accurate measurements of circadian phase after entrainment. Previous studies identifying circadian QTL in Arabidopsis have only considered the rhythm of leaf movement during constant light (Swarup et al., 1999; Michael et al., 2003; Edwards et al., 2005) . Two of these studies (Swarup et al., 1999; Edwards et al., 2005) used fast Fourier transform nonlinear least squares (FFT-NLLS; Plautz et al., 1997) to analyze their leaf movement data, obtaining measures of free-running period and amplitude of rhythms, but were unable to measure phase.
Although Michael et al. (2003) used FFT-NLLS to estimate phase of the Arabidopsis leaf movement rhythm, we did not consider that FFT-NLLS produces an accurate estimate of phase. This method fits a period to the waveform over several cycles during constant conditions and then extrapolates back to the end of the LD cycle to estimate phase. When a plant is moved from LD cycles (entraining conditions) to constant conditions (free-running conditions), the period alters, becoming longer in low light or darkness and shorter in bright light (Devlin and Kay, 2000) . Attempts to measure phase using such data are confounded by the change in period because each successive peak (or trough or midpoint) will be earlier or later depending on whether the period is shortening or lengthening. In contrast, the phase assay presented here, a single entrained peak of the CAB2TLUC 1 rhythm, is independent of the subsequent behavior of the system during a free run.
Gene expression assayed with a promoterTreporter construct has not previously been used as a quantitative trait in the context of QTL analysis. This study shows that reporter gene expression can be used to map a circadian parameter in Arabidopsis; the data presented here show that this method allows identification of the QTL controlling phase.
RESULTS

Analysis of Phase Detected Four QTL
The measurement of the entrained phase of CAB2T LUC 1 expression in 26 Arabidopsis accessions revealed a wide range of responses to a LD cycle of 12 h light and 12 h dark (LD 12:12 photoperiod; Table I;  Supplemental Tables I and II) . Under these conditions, the timing of peak reporter gene expression was found to vary significantly (P , 0.001; Supplemental Table  III) between accessions from less than 1 h after subjective dawn to nearly 5 h after subjective dawn.
A population of RILs derived from Ler and Cvi accessions was used as a controlled source of phenotypic and genetic variation. Initially, the entrained phase after different photoperiods in a subset of RILs and the two parental lines was measured (representative data are shown in Fig.1A ). This showed very marked differences between RILs (Supplemental Table  III ). Although there was a trend of earlier phase in shorter photoperiods, the shape of the response to photoperiod differed between RILs. For any given photoperiod, the phase of the rhythm varied by several hours between RILs (Fig. 1A) .
The effect of photoperiod on phase was tested systematically by measuring the responses of all transformed RILs to three photoperiods (very short days [LD 3:21] , intermediate days [LD 12:12] , and very long days [LD 21:3] ; summarized in Fig. 1B ; detailed information on numbers of seedlings of each genotype used in phase estimation in Supplemental Tables II-VI) . Variation between RILs was statistically significant, and there was also a significant interaction between genotype and photoperiod (Supplemental Table III ; Supplemental Fig. 1 ). Phase was slightly, but significantly, correlated between all photoperiods (Supplemental Table VIII ), indicating that some of its genetic control is shared between environments. Figure 1B shows the mean phases in response to the three photoperiods. At each daylength, there was a wider variation in phase in the RILs than between the parental ecotypes. This transgressive variation suggests that the parental phenotypes result from the balancing effects of alleles advancing and delaying phase.
The recombinant population was used to map phase advances or delays in the CAB2TLUC 1 rhythm to specific genomic regions, indicating that these responses were caused by variation at several loci. The mean phase values for each RIL were used in a QTL analysis to identify the number, effect, and location of QTL controlling phase in each set of photoperiodic conditions. Using the multiple QTL model mapping (MQM) method (van Ooijen, 1999; van Ooijen and Maliepaard, 2000) of the MapQTL program, four QTL affecting phase of the CAB2TLUC 1 rhythm were identified ( Fig.  2 ; Table II ). QTL were named ALLODOLA (ALL; Italian for lark) if Cvi alleles advanced the phase of the clock and GUFO (GUF; Italian for owl) if Cvi alleles delayed the phase relative to subjective dawn. They were numbered by chromosome with their order alongside it.
Two QTL were found after entrainment to LD 3:21: ALL1 (chromosome 1) and GUF5a (chromosome 5, top; Fig. 2, A and B) . Two additional QTL were found after entrainment to LD 12:12: ALL2 (chromosome 2) and GUF5b (chromosome 5, bottom; Fig. 2, C and D) . Each QTL explained between 16.5% and 24.1% of the variation in phase between the RIL lines (Table II) . The total variation explained by the QTL in each environment is an estimate of broad sense heritability of the trait; the estimates are 39.2% and 48.7% for phase after entrainment to LD 12:12 and LD 3:21, respectively (Table II) . There was a very strong effect of the environment as no QTL was found in more than one condition. Indeed, the environment (i.e. photoperiod 3 genotype interaction) was highly significant (P , 0.001; Supplemental Table III) . It is noticeable that we found both a phase-advancing and a phase-delaying QTL in each photoperiod; this, and the similar amount of variation explained by the QTL, suggests that the closeness of the parental phenotypes can be explained by a simple model of stabilizing selection. Stabilizing selection is also indicated by the narrower range of variation in phase in all accessions compared to RILs. No significant epistatic interactions were found between the QTL (P . 0.05; Chase et al., 1997) . No QTL were detected after entrainment to LD 21:3. Despite considerable phenotypic variation (Fig. 1B) , Ler 3 Cvi RILs did not differ systematically at loci regulating phase after very-long-day entrainment. This may be a reflection of the smaller proportion of variation attributable to the RIL compared with the transformant in this particular environment. This can be quantified by the F ratio (F), which shows the variation explained by each factor relative to the error variation: F(RIL) 5 1.18, F(transformant) 5 10.29 (Supplemental Table III ). Without knowledge of the genes, pathways, and mechanisms involved, it is impossible to be certain why so much more variation is explained by transformants after entrainment to LD 21:3. However, it may be because different genes affect phase in different photoperiods.
QTL Were Confirmed in Near-Isogenic Lines
Near-isogenic lines (NILs) containing small areas of Cvi chromosomes introgressed in an otherwise entirely Ler genomic background were used to test for our QTL effects (Swarup et al., 1999; Edwards et al., 2005) ; each result was confirmed in at least two independent experiments (Table III; Supplemental Table VII) .
NILs confirmed the existence of the ALL1 QTL; Cvi alleles at this locus caused early phase in LD 3:21. NIL 42 had an earlier phase than Ler by 1.2 h (Fig. 3A ) in LD 3:21. However, NILs 18, 45, and 251, which have smaller Cvi introgressions, did not show an earlier phase of CAB2TLUC 1 relative to Ler (Fig. 3A) ; NIL 18.32, derived from NIL 18, also did not show the ALL1 effect. This mapped the ALL1 QTL to a small region between CER451941 and CER481865 (approximately 4.50-5.66 Mb; Fig. 3A ). There are approximately 350 predicted genes in this region.
The effect of the ALL2 QTL (where Cvi alleles are associated with late phase in LD 12:12) could not be confirmed using NILs spanning its interval on chromosome 2. None of the NILs containing Cvi introgressions in this region showed the early phase effect predicted by the original analysis (data not shown). Landsberg ERECTA (wild type at the ERECTA locus) was also phenotyped; this line also was not early with respect to Ler, indicating that the erecta mutation was not responsible for the early phase. The ALL2 QTL might be a false positive, the association between phase and genotype arising by chance. However, this is unlikely given that the probability of the QTL occurring by chance is so small (P 5 0.004 for a log of the odds [LOD] score of 3.5). An alternative explanation is that epistatic interactions within the area suppress the expected QTL effect.
Mapping of NIL breakpoints within the GUF5a QTL region (where Cvi alleles cause late phase in LD 3:21; Fig. 3B ) suggested that this QTL was made up of at least three distinct loci ( Fig. 3B ; marked a, b, and g), each of which caused late phase. We estimate that these regions contain approximately 570, 1,220, and 1,253 predicted genes, respectively. A closely related pair of NILs (46 and 85) showed late phase of CAB2TLUC 1 relative to Ler. This is consistent with a late-phase QTL on NILs 46 and 85 in a region (a) containing the floral regulator FLOWERING LOCUS C (FLC), which regulates photoperiodic control of flowering. NILs 6 and 55, also from the GUF5a region of chromosome 5, showed later phase of CAB2TLUC 1 expression than Ler (Fig. 3B) . Because NILs 46 and 85 share no region of introgression with NIL 55, the late phase of NIL 55 must have an independent cause (b). Although NIL 6 shares a small region of Cvi introgression with NILs 46 and 85, it has a much larger region of overlap with NIL 55 (Fig. 3B) . The possibility that NIL 6 contains both a unique QTL and the one responsible for the behavior of NIL 55 is unlikely given the absence of additive effects in NIL 6. Late phase was also observed in NIL 106, where the Cvi introgression does not overlap with the other NILs, implying the existence of yet another late-phase QTL (g) further down chromosome 5. A late-phase effect was not detected in NIL 45a despite its introgression overlapping that of NIL 106. It is possible that epistasis between loci within NIL 45a is responsible for suppressing this effect.
The GUF5b QTL (where Cvi alleles cause phase delays in LD 12:12) was confirmed in three NIL lines (Fig. 3C) . Breakpoint mapping of NILs ruled out the core clock component TOC1 and the clock-associated gene ZTL as causes of late phase of the GUF5b QTL. The QTL was placed in a small region bound by the markers MSF19 and CER437238 (between approximately 23.27 and 24.68 Mb) and estimated to include approximately 422 predicted genes. This region contains SIGNALING IN RED LIGHT REDUCED 1 (SRR1; Staiger et al., 2003) and PSEUDORESPONSE REGU-LATOR 3 (PRR3; Matsushika et al., 2000) . As altered expression of these genes has been shown to affect the clock (Staiger et al., 2003; Murakami et al., 2004) , they were considered to be candidates for the GUF5b QTL and sequenced from Ler and Cvi.
Sequencing and Analysis of GUF5b Candidate Genes
Nucleotide sequencing of PRR3 predicted changes in both Ler and Cvi from Columbia (Col) at amino acid positions 210 (Gln to Glu), 267 (Asn to Glu), 268 (Ala to Ser), and 330 (Asn to Lys). These changes were common to both ecotypes so they could not be responsible for the GUF5b QTL. However, a nonsynonymous polymorphism (G to A) was detected at the end of the first exon of PRR3 in Cvi, but not in Ler. This nucleotide is the first in the triplet coding for a Val residue, which is conserved throughout all five members of the TOC1/PRR family (Matsushika et al., 2000) ; in the toc1-2 mutant, an identical mutation leads to missplicing and a dramatic reduction in the amount of correctly spliced TOC1 mRNA (Strayer et al., 2000) .
The transcript levels of PRR3 in Cvi and Ler were therefore determined. Transcripts amplified over the first exon boundary showed rhythmic gene expression in both Cvi and Ler (Fig. 4A) ; transcripts spanning the splice site of the third intron gave the same rhythm (data not shown). cDNA sequencing revealed that the first intron was spliced out correctly in both Cvi and Ler transcripts, indicating that the nucleotide change at the end of the first exon in Cvi did not alter the splice point. It is therefore predicted that the conserved Val is replaced in Cvi with Ile (Fig. 4B) , the remainder of the transcript sequence being identical between accessions.
SRR1 was predicted to encode a protein of 275 amino acids in Col (Staiger et al., 2003) ; sequencing from the parental accessions (Fig. 5) suggested a protein of the same length in Ler, but a protein of 277 amino acids in Cvi. Analysis of the predicted proteins revealed one polymorphism between Ler and Col at position 77 (Ala to Thr) with respect to the first Met. The Cvi sequence differed from Ler more greatly, with substitutions at positions 73 (Ser to Asn), 77 (Thr to Val), 90 (Gln to His), and 235 (Arg to Ser) and conversion of the stop codon (position 276 in Ler and Col) to Glu plus the insertion of a Phe at position 277 before a novel stop codon (Fig. 5) .
DISCUSSION
The circadian clock exists to set phase, allowing coordination of physiological rhythms with environmental ones. This study was designed to identify novel QTL for phase. The first peak of expression of CAB2TLUC 1 relative to subjective dawn was used as a phase marker.
Previous studies have determined geographic clines in some circadian-associated traits in Arabidopsis (e.g. flowering time , hypocotyl length [Maloof et al., 2001] , and period length [Michael et al., 2003] ). The presence of clines in circadian parameters is observable in other species (Drosophila melanogaster in Europe-temperature compensation [Sawyer et al., 1997] ; Drosophila auraria in Japanphase, period, amplitude [Pittendrigh and Takamura, 1989] ). This study did not find a geographic cline in phase despite examining accessions from a wide range of latitudes (14°N-55°N) . Because previous clines in circadian traits reported from this species are relatively weak, we conjecture that the high self-fertilization rate in Arabidopsis populations, which reduces the intrapopulation variation (Bergelson et al., 1998) , may in some part act to counter the establishment of a cline in the absence of strong directional selection for a trait. Given this, a larger number of accessions may be needed to determine whether a cline is present.
Populations showed considerable differences in their response to a set photoperiod, but the true extent of the pool of potential variation was hidden, being revealed only in a recombinant population. It is noticeable that, after entrainment to LD 12:12, phases of Ler 3 Cvi RILs ranged from 1 h before subjective dawn to 7 h after it. This range is approximately double that seen across the wild-type accessions (Table I) , suggesting stabilizing selection in wild-type populations acts against the most extreme phase phenotypes. The much wider range of phase phenotypes found in the RIL population than might have been predicted from merely observing the behavior of Ler and Cvi (Table I; Supplemental Table II ; Fig. 1B ) implies that the similar phase phenotypes of the parental accessions were due to balancing effects of early and late alleles.
Different photoperiods invoked different responses from plants. The results presented imply that phase is affected by both the environment and genotype. Earlier phase was observed after short photoperiods in both Ler and Cvi and a derived RIL population; however, observations of individual RILs showed that this was not a simple linear relationship ( Fig. 1A ; Supplemental Fig. 1 ), indicating a strong interaction with the environment that took the form of changes in both rank and scale. In very short daylengths, early phase of CAB2TLUC 1 expression may reflect earlier timing of all aspects of the metabolic machinery, thus maximizing the ability of the plant to harvest light for photosynthesis (Harmer et al., 2000) and thus increasing the efficiency of use of available resources. In longer days, when light was not a limited resource, the plants switched to later phase.
Analysis of circadian reporter gene expression in a recombinant population showed this technique to be an effective method for finding QTL affecting parameters of the circadian clock. The results revealed regions containing novel candidates for pathways controlling circadian entrainment. Phenotypic and mapping analysis of RILs and NILs confirmed three QTL, ALL1, GUF5a, and GUF5b, which changed the phase of the CAB2TLUC 1 rhythm. A previous study of leaf movement (Michael et al., 2003) suggested period and phase QTL in the Ler 3 Col RIL population in similar positions to our phase QTL. However, of the five phase QTL named, only one (PHI5b; mapping in a similar position to GUF5b) was significant at the 0.05% level. In addition, not all of the period QTL named were significant at this level. As the QTL were not confirmed in NILs, it is difficult to compare results with this study.
Another leaf movement QTL study (Edwards et al., 2005) suggested that GIGANTEA (GI) was responsible for the effects of PerCV1b/ESP, a short-period QTL on chromosome 1 overlapping the ALL1 reported here. In this study, the phenotypes of the NILs and breakpoint mapping in this region ruled out GI as the cause of the ALL1 QTL (Fig. 3A) . Breakpoint mapping of the ALL1 NILs also eliminated EPR1 (a MYB transcription factor identified through its homology to CCA1 and LHY as a slave oscillator involved in controlling CAB2 output [Kuno et al., 2003] ) as a cause of the QTL. In fact, mapping of the ALL1 QTL suggested it was a novel circadian locus controlling phase on chromosome 1. Within this region, four genes showed circadian regulation based on analysis of a previous microarray experiment (Harmer et al., 2000) : the transcription factor RAV1 (At1g13260), Lhcb6 (At1g15820), an auxininduced gene (At1g16510), and an expressed protein (At1g13930). Future work needs to determine whether any of these are responsible for the early phase of ALL1.
It is likely that the a-region of GUF5a, linked to the FLC marker, overlaps with PerCV5b, a long-period QTL probably caused by FLC (K. Edwards, personal communication) . FLC is currently the strongest candidate for the late phase of NILs 46 and 85; this is supported by a previously cataloged polymorphism between Ler and Cvi FLC sequences (Caicedo et al., 2004) . The Ler allele of FLC has been shown to be only weakly expressed due to the insertion of a transposable element (Gazzani et al., 2003) . FLC was first identified as a floral repressor (Koornneef et al., 1994) , but has also been suggested as the cause of a period QTL (Swarup et al., 1999) ; the effect on phase seen here may be related to a change in the period length.
It is important to note that the late phase of the GUF5a QTL cannot be accounted for solely by a single locus. Two regions subtending the QTL (b and g; Fig.  3B ) are likely to include novel loci controlling phase of the clock. Analysis of existing microarray data (Harmer et al., 2000) found two genes in the GUF5a region showing circadian regulation: KNOTTED1-LIKE 4 (KNAT4; At5g11060), a homeobox gene previously reported as being involved in the response to light (Serikawa et al., 1996) , and GUN5 (At5g13630), a magnesium chelatase subunit involved in plastidto-nucleus signal transduction.
Two genes were considered to be particularly strong candidates for the GUF5b effect on circadian phase (Fig.  3C) : SRR1, required for normal circadian gene expression and other clock outputs in a variety of photic environments, and PRR3, a member of the TOC1/PRR gene family. SRR1 acts through modifying the signal from the phytochrome B (phyB) photoreceptor; in this context, it is noteworthy that the out of phase 1 (oop1) mutant of PHYB causes early phase of circadian rhythms (Salome et al., 2002) . In mice, the SRR1 homolog maps close to a QTL affecting free-running period length (Shimomura et al., 2001) . PRR3 is one of the TOC1/PRR gene family whose members all have clock-associated phenotypes (Matsushika et al., 2000; Makino et al., 2001 Makino et al., , 2002 .
Sequencing these genes found polymorphisms between the parental accessions. Transcript analysis of PRR3 found neither missplicing nor change in expression between ecotypes; however, a highly conserved amino acid was substituted in Cvi. Previous reports have shown that T-DNA insertions in the untranslated region or coding regions of PRR3 (Michael et al., 2003) or overexpression of the gene (Murakami et al., 2004) have relatively small effects upon the circadian rhythmicity of Arabidopsis; this is consistent with the relatively small effect of the GUF5b QTL. A number of dissimilar amino acid substitutions plus the insertion of two extra residues were found in the predicted coding sequence of SRR1 in Cvi relative to those found in the Ler/Col versions of the protein, although none occurred in conserved regions of the protein (Staiger et al., 2003) . Both SRR1 and PRR3 are known to affect multiple circadian outputs in Arabidopsis (Makino et al., 2001 (Makino et al., , 2002 Murakami-Kojima et al., 2002; Michael et al., 2003; Staiger et al., 2003) ; our results suggest that natural allelic variation within them also affects the circadian system. SRR1 and PRR3 are therefore both possible causes for the GUF5b QTL effect and, as the two loci are closely linked (,1 cM apart), their effects on phase cannot be distinguished at present. However, we consider SRR1 to be a stronger candidate for the GUF5b QTL than PRR3 because of the greater differences between the Ler and Cvi predicted proteins. If SRR1 is the cause of the GUF5b phase QTL (either singly or with PRR3), then it may shed light on the early phase phenotype of the PHYB oop1 mutant (Salome et al., 2002) , which produces a truncated version of the PHYB protein lacking the C-terminal kinase domain. We suggest this truncation affects the interaction with SRR1, leading to early phase. A putative nuclear localization domain has been identified in SRR1 (Staiger et al., 2003) ; if it enters the nucleus, it is in the correct place to interact with PHYB. In Cvi, SRR1 structure may be altered sufficiently to change an interaction in the PHYB signaling pathway and, hence, cause later phase.
Detailed analysis of the ALL1 and GUF5a QTL intervals shows that the causes of their effects on phase can be attributed to novel loci. Although the part of GUF5a that contains FLC has previously been linked with period length, fine mapping of the remainder of GUF5a and ALL1 placed them at loci not previously associated with period (Swarup et al., 1999; Edwards et al., 2005) . This means they must be caused by genes not previously considered part of the circadian system or its output. That different loci are identified in screens for phase and period supports the idea that the entrained phase of a rhythm does not depend solely on the period length. Future work will focus on identifying candidate genes for ALL1 and the b-and g-regions of GUF5a, and determining whether SRR1 and/or PRR3 are responsible for the phase effects of GUF5b.
MATERIALS AND METHODS
Plant Materials and Growth
A selection of Arabidopsis (Arabidopsis thaliana) accessions reflecting a wide geographical range (see Table I ) and the core set (N22477) of 50 Cvi 3 Ler RILs (Alonso-Blanco et al., 1998a , 1998b and 191 [N22160] ) from the same population were obtained from the Nottingham Arabidopsis Stock Centre (NASC). NILs, consisting of an almost complete Ler genome with a single small Cvi introgression in the region of interest, were generated by backcrossing appropriate RILs with Ler. The chromosome 5 NILs 45a, 106, and 187 were provided by Professor Maarten Koornneef; NILs 6, 46, 55, and 85 were produced by backcrossing NIL 187 to Ler. These and the other NILs used in this project have been described previously (Edwards et al., 2005) .
Accessions, RILs, and NILs were transformed by floral dip with the CAB2TLUC 1 reporter (Hall et al., 2002) . T1 transformants were selected on antibiotic plates and selfed. T2 plants expressing LUC activity were assayed. Multiple independently transformed lines (mean no. transformants 5 3.81) were generated for each RIL or NIL to control for possible positional effects caused by the insertion of the transgene. For measurements of phase or collection of a tissue time course for realtime reverse transcription (RT)-PCR analysis, seeds were surface sterilized, then placed on Murashige and Skoog medium (M5524; Sigma; 13% Suc, 1% agar), and stratified for 48 h at 4°C before being transferred to a LD cycle in a growth chamber (55 mmol m 21 s 21 ) at 22°C.
Measurement of Phase
After 7 d of growth, seedlings were placed in 96-well plates and 5 mM luciferin solution added to each well, as described previously (McWatters et al., 2000) . Seedlings were transferred to constant darkness at dusk (i.e. Zeitgeber [ZT] 3 following entrainment to LD 3:21, ZT 12 following entrainment to LD 12:12, or ZT 21 following entrainment to LD 21:3), and bioluminescence levels were recorded from individual seedlings for 36 to 48 h in a Packard Topcount luminometer. Although CAB2TLUC 1 activity damps in darkness after 36 h in some ecotypes, including Columbia, Cvi, and Ler, recording for this length of time is sufficient to measure this peak (Supplemental Fig. 2 ). All experiments were conducted at a constant 22°C throughout. Luminescence rhythms of individual seedlings (see Supplemental Tables  II, IV , and V-VII for the numbers of seedlings and transformants) were plotted as a three-point moving average and the time of the first peak of each seedling's CAB2TLUC
1 rhythm recorded using Biological Rhythms Analysis Software System (BRASS version 1.3.1; Johnson and Frasier, 1985; Straume et al., 1991; Plautz et al., 1997; Brown, 2004) . Circadian phase was expressed as the time of this peak in hours relative to the first subjective dawn. Hence, if the rhythm peaked before subjective dawn, the phase is negative; peaks after dawn give positive phase values. We decided to measure the first peak after a LD cycle because the acute response of CAB2TLUC 1 to light (McWatters et al., 2000; Hall et al., 2003) makes it difficult in constant light to determine accurately the timing of the circadian peak of activity if this falls before or around dawn. The time of the first CAB2TLUC 1 peak after discontinuation of a LD cycle is well established in circadian studies of Arabidopsis as an accurate representation of the clock (e.g. McWatters et al., 2000; Hall et al., 2003) . In addition, real-time RT-PCR on central clock components and a variety of input and output genes confirmed that gene expression rhythms did not change in the first subjective day after entrainment to LD 12:12 (data not shown). It is considered that the first peak after the discontinuation of a LD cycle is a measure of the entrained phase of a rhythm (Love et al., 2004) .
QTL Mapping
We used the base set of 50 Ler 3 Cvi RILs, which were originally selected as a starting set for molecular mapping because they have higher recombination and lower segregation distortion than average, and supplemented it with selected lines. The total number of RILs transformed and used in this analysis (50; see Supplemental Table II ) is comparable to other circadian QTL studies (e.g. 48 Ler 3 Cvi [Swarup et al., 1999; Edwards et al., 2005] and 76 Ler 3 Col [Michael et al., 2003] ).
The positions of QTL for phase were mapped using interval mapping (IM) and approximate MQM procedures in MapQTL 4.0 (van Ooijen, 1999; van Ooijen and Maliepaard, 2000) . MQM uses selected markers as cofactors to define the position of QTL detected by IM. The effects of these QTL are removed from the subsequent IM of all other loci, which reduces the residual variance and thus increases the power of the analysis. MapQTL 4.0 was used to carry out permutation tests to set 95% genome-wide significance levels for the LOD score; 95% confidence intervals for the QTL were obtained by constructing 2-LOD support intervals around them (Lander and Botstein, 1989; van Ooijen, 1999; van Ooijen and Maliepaard, 2000) . EPISTAT (Chase et al., 1997) was used to test for epistatic interactions between the QTL. Total genomic DNA was extracted using the Edwards protocol (Edwards et al., 1991) ; NIL breakpoints were finely mapped using PCR-based markers (singlenucleotide polymorphisms and simple sequence-length polymorphisms) designed using the CEREON polymorphism database. All novel markers have been submitted to The Arabidopsis Information Resource (TAIR) database (www.arabidopsis.org), which was used to predict the approximate number of genes in a QTL.
Sequencing of Candidate Genes
Real-Time PCR and Transcript Sequencing Replicated samples of Ler and Cvi seedlings were collected and immediately frozen in liquid nitrogen, starting at dawn on day 8 of a LD 12:12 cycle; this cycle was discontinued at dawn on day 9, after which time seedlings were kept in continuous darkness. RNA was extracted (RNeasy kit 74904; Qiagen) in accordance with the manufacturer's instructions and cDNA synthesized (TaqMan N808-0234; Applied Biosystems). Real-time PCR was carried out in an ABI Prism 3700 using SYBR Green PCR master mix (4309155; Applied Biosystems) and gene-specific primers in accordance with the manufacturer's instructions. Levels of PRR3 were calculated using the standard curve method and normalized using products amplified from the constitutively expressed b-TUBULIN4 gene as a control before normalizing to PRR3 levels at ZT 0. All real-time PCR was performed on two cDNA time courses (biological replicates); each containing two technical repeats. Data shown use b-TUBULIN4 as a control (Fig. 4) . Similar experiments using UBIQUITIN10 and EF1a as controls gave comparable data (data not shown). UBIQUITIN10, EF1a, and PRR3 third exon primer sequences were as previously published (Czechowski et al., 2004) ; PRR3 first exon and b-TUBULIN4 primers were designed using Primer Express (Applied Biosystems): b-TUBULIN4 F 5#-AGATCTGGTCC-GTTCGGTCAG-3#, b-TUBULIN4 R 5#-CGGCACCAGATTGACCAAAG-3#, PRR3 exon 1F 5#-ACGCCATATTGTTACTGCCCTT-3#, PRR3 exon 1R (Ler) 5#-GACATCCGGAACAGCAGTAACTT-3#, and PRR3 exon 1R (Cvi) 5#-GAC-ATCCGGAACAGCAGTAATTT-3#.
To sequence the boundary between the PRR3 first and second exons, RNA extracted from 10-d-old Ler and Cvi seedlings was reverse transcribed; cDNA was cloned into pCR-BLUNT and used as a template to amplify a PRR3 fragment using gene-specific primers: PRR3 5#-TTTGGTGAAGGGATTAGA-ATAAGTTTG-3# and PRR3 5#-CAGCAGACCGGTTCCTGAAT-3#.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers DQ060152, DQ060153, DQ060154, and DQ060155.
